Gastric parietal cells are important in acid secretion, but it is unclear which cells throughout the gastric gland have the highest secretion potency. Here, we used immunohistochemical methods with anti-H + , K + -ATPase, phosphoryl ezrin and CD44 antibodies to study the distribution of gastric acid secretion activity. Stomach tissues from freely fed and starved rats were cryofixed for light microscopy or fixed by high-pressure freezing for electron microscopy. Parietal cells from freely fed animals corresponded to the active secretion phase and to the inactive resting phase from starved rats. Anti-H + , K + -ATPase and anti-phosphoryl ezrin labeling were observed on the membrane of the intracellular canaliculi and the tubulovesicle from freely fed rats, while cells from starved animals showed weak labeling with anti-phosphoryl ezrin antibody staining. Morphometrical analysis at the electron microscopic level was performed on active and inactive acid secretory phases between the upper and base regions of the gland. H + , K + -ATPase and CD44 were distributed on both sites of the microvillous and tubulovesicle membrane in the same cells, but phosphoryl ezrin localized predominantly on the microvillous membrane in active cells of the glandular neck and upper base. Therefore, the highest secreting potency appeared to be in cells of the glandular neck and upper base.
Introduction
Gastric parietal cells play a major role in acid secretion and are widely distributed from the pit to the base of rat gastric glands. They show characteristic aspects of intracellular canaliculi (IC) with numerous microvilli and tubulovesicles (TV) in the cytoplasm, which are thought to be interconvertable structures. Although the conversion mechanism for these structures is unclear, various hypothesizes have been proposed. During the active acid-secreting phase of parietal cells, the IC is markedly expanded, but the cells undergo a morphological transformation during their inactive resting phase when the IC reduces in width and the TV mass increases [1, 2] . The secretion activity alternates according to the physiological phases of feeding or starving.
Proton potassium ATPase (H + , K + -ATPase; "the proton pump") is an important enzyme for gastric acid secretion and exists as an integral membrane-protein along the IC and TV throughout the parietal cell membrane. We previously used high-pressure freezing followed by freeze-substitution to investigate the histochemistry of gastric gland cells and the ultrastructural alterations that occur in both fed and starved phases [3, 4] . Cryofixation using rapid freezing (especially high pressure rapid freezing for capable freezing depth) is believed to be superior to conventional chemical fixation with regard to morphological preservation and retention of soluble components. Using antibodies against the proton potassium ATPase α-and β-subunits, we also showed that the enzyme localized on both IC and TV membranes in almost all parietal cells throughout the length of the gland [3] [4] [5] .
Parietal cells contain more actin than other glandular cells. Transformation between IC and TV occurs with redistribution of actin in the cell. Filamentous actins are anchored to the plasma membrane via phosphoryl ezrin, and most actin molecules are thought to form a globular structure in the inactive resting state, which molecules polymerize rapidly to form a filamentous structure upon active acid secretion [2, [6] [7] [8] [9] [10] [11] . Ezrin is a member of the ERM (ezrin/radixin/moesin) family of proteins that is implicated in linking functional activities of the plasma membrane to the actin cytoskeleton. In addition, actin binds to intramembranous CD44 via phosphoryl ezrin in the plasma membrane [12] [13] [14] . It has previously been suggested that the above-mentioned morphological changes are induced and triggered by this cytoskeletal reorganization of β-actin [15] [16] [17] .
The purpose of the present study was to investigate which parietal cells are more active than others in terms of acid secretion, based on the distribution of phosphoryl ezrin and CD44 throughout the gland using immunohistochemical techniques.
Materials and Methods

Tissue Preparation
Ten male Wistar rats were used in the experiments and divided into two groups of five animals each. One group was fed freely and the other was starved for 48 h with free access to water. The rats were anesthetized with an intraperitoneal injection of sodium pentobarbital, and the pH of the luminal gastric juice was determined. The stomach tissues were cut into small pieces and cryofixed using a rapid freezing device (RF-6, Eiko, Japan) using liquid propane for cryofixing and liquid nitrogen for light microscopy. The specimens were then freeze-substituted with acetone containing 0.2% glutaraldehyde at −79˚C for 72 h and embedded in paraffin [17] .
For electron microscopy, the specimens underwent high-pressure freezing under a 21 × 10 5 hPa atmosphere (HPM 010, BAL-TEC, Liechtenstein). The frozen specimens were freeze-substituted with acetone containing 1% osmium tetroxide or 0.2% glutaraldehyde at −79˚C for 72 h and were embedded in Epon812 or Lowicryl K4M resin, respectively [3] . 
Primary and Secondary Antibodies
Immunohistochemical Staining for Light Microscopy
Specimens embedded in paraffin were cut into 4 m-thick slices with a sliding Jung-model microtome, mounted on silconized glass slides and air-dried. Sections were deparaffinized, rehydrated and immersed in PBS. After blocking endogenous peroxidase activity with 0.3% hydrogen peroxide in methanol, specimens were incubated with primary antibodies against the H + , K + -ATPase α-and β-subunits. They were then labeled with biotinylated anti-rabbit or anti-mouse IgG antibodies overnight followed by HRP-conjugated streptavidin for 1 h. Visualization was performed using 3, 3'-diaminobenzidine tetrahydrochloride (DAB; DAKO Cytomation) for 10 min. Finally, sections were rinsed in distilled water, counterstained with Mayer's hematoxylin, dehydrated in a graded ethanol series, cleared in xylene and mounted with Eukitt (O. Kindler, Germany).
Electron Microscopy
Ultrathin sections from specimens fixed with 1% osmium tetroxide and embedded in epoxy resin were cut with a Reichert Ultracat-N ultramicrotome and stained with uranyl acetate and Reynolds' lead citrate. They were observed using a HITACHI H-7000 electron microscope at an acceleration voltage of 80 kV.
Specimens fixed with 0.2% glutaraldehyde and embedded in Lowicryl K4M resin were stained by the immunogold method (particle size of colloidal gold (CG): 15 nm and 10 nm). Thin sections were incubated with unlabeled-streptavidin (Southern Biotech, Birmingham, AL) for 30 min at room temperature to block endogenous R. IRIE-MAEZONO, S. TSUYAMA 181 biotin. Immunogold staining was performed as described previously [4, 18] . Briefly, the sections were incubated with anti-H + , K + -ATPase α-and β-subunits, anti-phosphoryl ezrin and anti-CD44 antibodies followed by biotinylated anti-rabbit or anti-mouse IgG antibodies and labeled with streptavidin-colloidal gold. Finally, the sections were counterstained with uranyl acetate and Millonig's lead acetate.
Morphometrical Analysis of Labeling Density with Phosphoryl Ezrin Immunogold Staining
The parietal cell labeling density with the anti-phosphoryl ezrin antibody was analyzed using Image-J NIH software. Thus, the labeling number of gold particles (on IC containing multiple microvilli) was counted on electron microscopic photographs taken at 15,000 × magnification of the neck or base region (n = 20 each) of active phase glands (fed animals) and inactive resting phase glands (starved animals). The labeling density was estimated as the number of gold particles per unit area (μm 2 ) of IC. For the assessment of the phosphoryl ezrin labeling-density, the results were statistically analyzed by t-test using Microsoft Excel software. Statistical comparisons were made between the neck and the base area of the gland, and between active versus inactive glands from starved animals. The differences between sites or feeding/starving were evaluated by t-test. P < 0.01 or 0.05 was considered significant. The results are expressed as the arithmetic mean ± SE.
Results
Morphological Observation
The average pH in the fed rats was 2.0, compared with 6.4 in the starved rats. We therefore hypothesized that the former corresponds to the active phase and the latter to the inactive resting phase of gastric juice secretion.
The parietal cells showed excellent ultrastructural preservation at the electron microscopic level. The ultrastructure of IC, TV, and other organelles was well preserved for each active and inactive phase of glands when specimens were processed successfully by means of HPF-followed by FS.
Immunohistochemical Observation with
Anti-H + , K + -ATPase Antibody
The parietal cells were labeled intensely and clearly by immunohistochemical staining with the H + , K + -ATPase anti--and --subunit antibodies. Cells in the neck and upper base were labeled particularly strongly in active phase animals. Staining was evenly distributed from the deep pit to the glandular base of the cells (Figures 1(A)  and (B) ), and the staining pattern was similar between the anti-β-subunit antibody and -subunit antibody (data not shown). In the active phase, the microvillous membrane and apical cell membrane of the IC were labeled with the anti-α-and -β-H+, K+-ATPase subunit antibodies and with the anti-phosphorylated-ezrin antibody (corresponding to residues surrounding Thr566 and 567), while TV membranes were hardly stained. In the inactive phase, IC microvilli were labeled weakly with this antibody. The anti-CD44 antibody staining pattern was similar to that of anti--(and --) H + , K + -ATPase subunit antibodies in inactive phase animals (Figures 2, 3(A) and  (B) ). A regional labeling difference was evident from the neck to the upper base and lower base.
Morphometric Analysis with Anti-Phosphoryl Ezrin Antibody and Immunogold Labeling
Immunogold staining was performed to examine the intracellular distribution and the labeling density of the anti-phosphoryl ezrin antibody in each cell between the gland segments. Parietal cells adjacent to mucous neck cells or chief cells were deemed to be in the neck or base region, respectively. The gold particle numbers were compared between the neck and the base region of the glands, and between active and inactive resting glands (Figure 4) . The number of labeled gold particles was divided by the IC area to give the labeling density (per µm 2 ). Labeling density zonation was clear from the neck to the base, with a significantly higher density in parietal cells located in the isthmus to neck region (mean ± SE; 25.501 ± 3.736 µm 2 ) compared with the glandular lower base (17.082 ± 7.275 µm 2 ) or from inactive starved rats (1.926 ± 0.465 µm 2 ) (Figures 5(A) and (B) ). Statistical analysis using IMAGE-J revealed that phosphoryl ezrin expression in the neck and upper base was significantly higher than that in lower base (25.501 ± 3.736 vs 17.082 ± 7.275, p < 0.05) and than that in starved gland (25.501 ± 3.736 vs 1.926 ± 0.465, p < 0.01). These findings suggest that the phosphoryl ezrin assemble in the membrane of active parietal microvilli at neck to upper base.
Discussion
The component cells of gastric glands include pit mucous cells, progenitor cells, parietal cells, mucous neck cells, chief cells and endocrine cells and have previously been studied in rodents. These cells undergo mitosis in the isthmus, from where they migrate and differentiate along the longitudinal axis of the gland in an upward or downward direction [19] [20] [21] . The parietal cells migrate upwards and downwards then mature, while chief cells derive from the mucous neck cell through an intermediate cell type to the mature chief cell in a downwards migration [17] . Parietal cells adjoining the mucous neck cell are considered to be in the neck region and those next to the chief cell are in the base region of the gland.
Gastric juice is very acidic, with a pH of around 1.5. The average pH value measured in this study was pH 2.0 in fed rats and pH 6.4 in starved animals, indicating that the parietal cells of fed rats correspond to cells in the active secretory-phase, while those of starved animals correspond to cells in the inactive resting phase. The pa- Open Access CellBio R. IRIE-MAEZONO, S. TSUYAMA 183 rietal cells are distributed broadly through the gland from the isthmus to the base. The cells are large and plump from the isthmus to the upper base, although they become smaller and more slender in the lower base as they migrate downwards [19] [20] [21] [22] . Routine light microscopy revealed parietal cells of an acidophilic nature with numerous mitochondria in the cytoplasm. The cells were stained with immunolabeling using an anti-H + , K + -ATPase antibody, and the reaction products had a thread-like appearance, especially in the isthmus to the neck region [5, 18] . The expression pattern followed the contour line of the stained apical-cell membrane. In previous studies, we used high pressure-frozen, freeze-substituted and resin-embedded tissue samples to demonstrate the intracellular localization of H + , K + -ATPase [3, 23] . This antibody clearly stained the IC containing many microvilli in the active phase, while TV was stained in the inactive resting phase. Diffuse cytoplasmic staining was observed in cells scattered widely from the isthmus to the glandular base. This aspect is thought to derive from TV membrane staining at the light microscopy level.
Yao et al. [15] revealed that most actin in the gastric gland is present in parietal cells, which are largely globular during the inactive resting secretion phase. However, during the active phase, actin forms a filamentous structure. Jöns et al. [24] reported that the binding of actin to the plasma membrane is dependent on phosphoryl ezrin molecules, and the initiation of ultrastructural changes in parietal cells is thought to be induced by the polymerization of cytoskeletal actin [2,7,15] followed by binding of the actin molecule to the C-terminal of phosphoryl ezrin and intramembranous CD44 to the N-terminus [8-10, 16,25,26] . Non-phosphoryl ezrin molecules are distributed throughout the cytoplasm without binding actin in the inactive resting phase [16, , while localization of the ezrin-actin linkage in the cytoplasm occurs in the active phase during the formation of phosphorylated ezrin molecules and filamentous actin-molecule binding. This indicates that phosphoryl ezrin and actin are related to the cell surface distribution of the H + , K + -ATPase proton pump.
In the present study, immunostaining with the phosphoryl ezrin antibody resulted in heavy labeling in the neck to the upper base region (Figures 3 and 4) , revealing that the labeled cells are in the active phase [5] . A statistical morphometric data comparison of neck and base cells showed that phosphoryl ezrin and H + , K + -ATPase were present in similar sites within the same cell [18] . The apical membrane of IC containing microvilli in the active phase was labeled by immunogold staining with the anti-phosphoryl ezrin antibody. On the other hand, labeling of these structures was weak in the inactive resting phase (Figures 4 and 5) .
These findings suggest that the parietal cells in the neck and upper base are more active than those in the lower base. Karam et al. [20] described the intracellular mitochondrial distribution of parietal cells at various levels of the mouse gastric gland and revealed a high number in the isthmus and neck. Moreover, the integral H + , K + -ATPase is exposed on the luminal surface when IC is enlarged, and the enzyme is activated by a successive K + ion supply. On the other hand, the increasing TV volume results in a decreased surface area of the canaliculi membrane as the IC and TV derive from similar membrane systems [12] . The TV is transformed into the apical plasma membrane during acid secretion [2] . H + , K + -ATPase then becomes an intravesicular membrane protein and acid secretion is halted because of an interruption in the K + ion supply. This transformation is limited at sites with small amounts of phosphoryl ezrin, such as the middle to the bottom region of the gland [18, 22] where parietal cells are small and slender. Here, it is thought that the acid secretory capacity is limited and unresponsive to physiological or feeding conditions.
The purpose of this work was to decide at which level parietal cells are most active. Acid secretion activity in the gland appears to be higher in the segment from the isthmus to the upper glandular base, which agrees with the findings of Fykse et al. [30] who reported that parietal cells in the second part of four segments in the gland were activated by histamine treatment. Jiang et al. [5] reported that the acid-secreting potency of individual parietal cells was higher in the upper third of the gland (containing the superficial part). Further experiments are required to clarify the secretion system of gastric acid in parietal cells.
